Abstract-The electrical response of an antenna-coupled nanothermocouple depends on how well the antenna converts incident optical energy to heat, and how this heat is converted to electrical signals by the nanothermocouples. In this paper, we study by COMSOL simulations the heat dissipated in dipole antennas operating at 600 GHz to maximize the temperature at the center of the antenna where the nanothermocouples are attached. We study antennas constructed from all-Au, all-Ni, and Au with Ni center segment. We also study the heat loss into the Si substrate, and use various thicknesses of SiO 2 for thermal insulation from the substrate. We also discuss our simulation setup and our symmetric, geometry-independent mesh structure to avoid a variety of simulation errors and artifacts.
I. INTRODUCTION
W AVE detection in the range of 0. 1-28.3 THz is important for a wide range of applications, such as identification of hidden objects [1] , defect recognition [1] , atmospheric research [2] , biological sensing [3] , radio astronomy [4] , chemical spectroscopy [5] , and medical diagnostics [3] , [6] . One candidate for such detectors is the antenna-coupled nanothermocouple (AC-NTC) [7] - [14] . These types of detectors are based on the wave nature of the THz radiation and Joule heating. The antenna receives the THz radiation in the form of induced currents, the currents heat the antenna, and the antenna heats the hot junction of the nanothermocouple that converts the heat to an electrical signal by the Seebeck effect.
We use a dipole antenna to receive the incident electromagnetic (EM) waves. The length of the antenna must match the effective wavelength of the incident radiation, which is determined by the surrounding materials. In our case, the antenna is sandwiched between a Si substrate and air. Numerical simulations can be used to determine the resonant antenna length, either when the antenna is in transmitting or in receiving mode due to the antenna reciprocity theorem [15] . In transmitting mode, the antenna is excited at its center with a lumped port, and the reflection coefficient S 11 at the port is minimized by varying the antenna length. While transmitting mode Manuscript received August 9, 2018 simulations are useful to find various antenna properties, like resonant length, antenna impedance, radiation pattern, etc., it does not include the Joule heating by the radiation-induced antenna currents, which is central to ACNTCs. Therefore, we simulated our antennas in receiving mode using the commercially available COMSOL Multiphysics Modeling Software [16] . In our simulations, we include the excitation of antenna currents due to the incident EM radiation and the resulting heating. Our simulations also take into account the heat flow along the antenna and into the air and substrate. Our experimental work on ACNTCs, supported by simulations, has been published in [7] , [17] - [20] , but we have not had the opportunity to discuss the simulations themselves. In this paper, we discuss the ACNTC simulations in detail. In particular, we simulate the thermal response of ACNTCs operating at 600 GHz by using various antenna materials, and thermally insulating the antenna from the Si substrate.
In this paper, we also discuss simulation artifacts caused by the geometry-dependent meshing. We present a method that allows varying the antenna length without changing the geometry, and hence creating a geometry-independent meshing for our model.
II. SIMULATIONS

A. Geometry of the Model
The geometry of the model includes the high-resistivity Si substrate, air, and antenna, as shown in Fig. 1(a) . The highresistivity Si substrate ensures low EM loss in the GHz and THz frequency regimes [21] - [23] . In order to simultaneously maximize the overall current and heating, the dipole antenna is narrowed only at a short central segment where Joule heating is maximized [18] , as discussed below. The optical and thermal properties of the materials are taken from [24] and [25] . The antenna is placed at the interface of the high-resistivity Si and air, and its geometry is shown in Fig. 1(b) . The hot junction of the NTCs is attached to the center of the dipole antenna where the antenna currents and resulting heating are the greatest. Our goal is to increase the temperature in the narrow center segment of the dipole antenna, which is 50-nm wide and 10-μm long. The width of the center segment is significantly decreased compared to the rest of the antenna, which is 4-μm wide, to increase its resistance and achieve higher temperatures. Without the reduced center segment, the temperature increase by the antenna is only a small fraction of an mK, which is below the noise level of our measurements. The length of the antenna is varied to determine the resonant antenna length and to achieve the largest 2379-8793 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. possible temperature increase. Note that the thermal mass of the NTCs is two orders of magnitude less than the thermal mass of the antenna, and their geometries are identical regardless of antenna configuration. As a result, the heat leakage would also be identical; therefore, they are omitted in the simulations in order to save computation time.
B. Multiphysics Simulation Setup
In this section, we discuss the multiphysics simulations of ACNTCs by using the commercially available COMSOL Multiphysics Modeling Software [16] . This tool is available at the Notre Dame Center for Research Computing, Notre Dame, IN, USA, and is capable of coupling EM wave and heat transfer problems.
The simulation of the ACNTCs in receiving antenna mode involves the unidirectional coupling of the EM wave module to the heat-transfer module by the EM-heat-source boundary condition (BC). The flow of the simulation starts by solving the EM wave propagation followed by solving the heat transfer problem. Now, we discuss the simulation flow in detail. First, the EM wave propagation is solved for the electric and magnetic fields along with the resulting electric currents. The governing equation used to model the EM waves is
where μ r is the relative permeability, E is the electric field, k 0 is the wave number in free space, and ε r and ε 0 are the relative and free space permittivity, respectively, σ is the electrical conductivity, and ω is the angular frequency. It is followed by the calculation of the heat produced by the radiation-induced antenna currents. The equations used to model the heat transfer are the energy equation
and the conduction heat flux
where ρ is the density, C p is the heat capacity at constant pressure, u is the velocity field, T is the temperature, Q is the heat source, Q ted is the thermal elastic damping, and k TC is the thermal conductivity. Next, we discuss the BCs of the simulation. The 600-GHz plane waves are launched in the +z-direction at the bottom surface of the Si domain to match the excitation source of the experimental setup [18] . The incident EM waves are linearly polarized, and the electric field vector is parallel to the dipole antenna (chosen as the x-direction). The scattering BC was used to launch such a wave that is expressed as
where n is the normal vector, E is the electric field, k is the wave number, E 0 is the amplitude of incident electric field, and k z is the incident wave vector.
In order to avoid reflections of the EM waves at the side and top surfaces of the air and Si domains, a second-degree scattering BC was applied to eliminate these reflections, which is expressed as
We prefer to use the scattering BC instead of the perfectly matched layer (PML) BC because the PML generates more mesh points. PML, therefore, increases the computation time by 30%, while the simulation results using both the scattering BC and PML differ by less than 1%.
The EM wave module and the heat transfer in the solid module were coupled by the multiphysics node using the EM heat source that is expressed as
where Q e is the EM loss density, expressed as the sum of the resistive loss Q rh and magnetic loss Q m l and
(7) Last, the average temperature increase as a function of antenna length was calculated in the narrow section of the antenna using COMSOL's domain probes.
Note that the radiation and convective heat losses are neglected in the simulation because their effects on the ACNTCs are negligible. The radiation heat loss is only important when the temperature differences are in the order of a few hundred Kelvin [26] - [28] , and the convective cooling is ignored because of the small size of the ACNTCs [27] , [29] . 
C. Meshing
Meshing of thin-film dipole antennas operating at 600 GHz requires resolution of the large geometrical difference between the thickness of the antenna (200 nm) and the width of the narrow section (50 nm) compared to the Si and air domains (300 μm thick). Our initial meshes, free tetrahedral and quadrilateral [see Fig. 2(a) and (b) ], gave various errors and artifacts such as asymmetric current and temperature distributions along the antenna, and mesh-dependent and physically unrealistic antenna lengths, currents, and temperatures. We resolved these issues by creating a symmetric and geometry-independent mesh choosing triangular meshes [see Fig. 2(c) and (d) ], as discussed below.
As is typical, different mesh sizes were assigned for the various domains in order to resolve the large geometrical differences. First, the top surface of the center segment of the antenna was meshed using a maximum element size of 10 nm. Then, the remaining top surface of the antenna was meshed using a maximum element size of 500 nm. Second, using COMSOL's swept meshing function, the mesh of the top surface of the antenna were copied to its bottom surface using five distribution layers. Third, the mesh on the air/Si interface was created using a maximum element size of 5 μm. Finally, the mesh from this interface was swept through the air and the Si domains using 30 distribution layers in each domain. As a result, the number of mesh points in the model is 3.6 × 10 6 . The computation time is about 45 min and uses about 12 GB of memory. The results have a solution error of less than 10 −6 . When the simulation was solved with a solution error of less than 10 −7 , the simulated temperature values changed at worst by 0.01%, which is negligible, but the computation times increased by a factor of 4. So, the solution error was kept in the order of 10 −6 . 1) Geometry-Independent Meshing: In order to avoid simulation artifacts caused by the geometry-dependent meshing, we constructed the antenna from 2 × 2 × 0.2 μm 3 domains, Fig. 3 . Schematic of the antenna for geometry-independent meshing. By assigning antenna (blue) and air (white) material properties to each domain (tetragons), the length of the antenna is varied, but the mesh remains the same. as shown in Figs. 1(b) and 3. The tapered and narrow sections of the antenna are also constructed from small domains in order to assign domain probes at various sections of the antenna for current and temperature calculations. By constructing the antenna from small domain elements, its length is varied by assigning air and antenna material properties to each domain as shown in Fig. 3 . Using this method, the mesh was kept the same throughout changes in the antenna length from 60 to 140 μm. In other words, the antenna length was changed not by changing the mesh geometry, but rather by reassigning the material properties of each mesh element from metal to air; so in Fig. 3 a longer antenna would be represented by more tetragons filled with blue.
2) Symmetric Meshing:
In order to create a symmetric mesh, the geometry of the model was constructed by creating one quadrant of the structure and then copying it for the remaining three quadrants in a corresponding alignment. This created internal boundaries that allow creating a symmetric mesh along the x and y axes of the antenna, and as a result, the simulation artifacts due to an asymmetric mesh are avoided.
In order to demonstrate some simulation artifacts caused by the initial mesh, Fig. 4 compares the simulated current distribution along the antenna for an asymmetric mesh [see Fig. 2(a) ] and for a geometry-independent symmetric mesh [see Fig. 2(d) ] using the same finesses of the meshes. When the initial mesh is used, the current distribution along the antenna is highly asymmetric and its behavior does not match to theory [15] . When the geometry-independent symmetric mesh is used, the antenna current is symmetric and its behavior matches to theory. Note that the simulation results were always unrealistic with the asymmetric mesh regardless of the solution error and the mesh finesse.
The simulation results were similar to the asymmetric curve in Fig. 4 
D. Simulation Versus Experiment
In this paper, we discuss the details of the ACNTC modeling. We have used this simulation framework extensively in the past, but have not heretofore described it in sufficient detail. We have published extensive comparisons between experiments and simulations for the IR regime, and obtained excellent agreement, as documented in [20] and [30] . In more recent work, we have focused on THz antennas, and based on our previous experience, we used our proven simulation framework as a guide to determine the resonant antenna length at 600 GHz, which is 92 μm. Therefore, we only fabricated ACNTCs with that antenna length. A particular challenge for the THz antennas was the meshing due to the large antenna size and the constriction in the middle, which was never an issue for the IR antennas before, and our solution to the meshing issues is detailed here.
In order to validate our simulation setup and the modeling of the antenna structure, we compare the simulation results presented in this paper to previously obtained experimental results [18] , in which we just stated that COMSOL was used to determine the resonant antenna length. The comparison between simulation and experiment is done in this paper, and experimental data is available for 92-μm-long all-Au antennas with 50-nmand 100-nm-wide center segments [18] . The simulated temperature increase, using the simulation method described above, is about 180 and 105 mK, for 50-and 100-nm center segments, respectively. The experimentally obtained temperature increase is 125 and 76 mK, respectively. The simulation predicts about 40% larger temperature increase; however, it does not take into account the heat loss by the lead lines of the NTCs (discussed above), which contribute about 30% of the total heat loss, as discussed in [20] . When adjusting the simulated temperature increase of the antenna by the heat loss through the lead lines, the simulations and experiments are in good agreement. In addition, the tapered segments of the fabricated antennas are less sharp than in the simulation, and may be responsible for the differences between simulation and experiment.
In this paper, the simulated antennas are the same except for their lengths and do not have NTCs or lead lines attached to them. Therefore, the simulation results show the trends of antenna behavior for various parameters (substrate and antenna material) as discussed below, and the simulated temperature values are overestimated.
III. RESULTS AND DISCUSSION
The temperature increase at the center of the antenna at resonance depends both on the antenna material and the heat removal by the substrate. Now, we investigate these two design parameters in order to maximize the temperature at the center of the antenna. First, we study the thermal response to 600-GHz excitation of all-Au, all-Ni, and Au antennas with Ni center segment. Second, we study the effect of thermal insulation of Au antennas from the Si substrate by using thin layers of SiO 2 . 
A. Antenna Material
When the antenna responds to the EM waves, the radiationinduced antenna currents and power heat the center of the antenna by Joule heating according to P = I 2 R. In order to understand how the antenna currents and antenna materials influence the increase in temperature, the temperature rise as a function of antenna lengths and the current distributions along the antennas at resonance are plotted in Fig. 5(a) and (b) . Fig. 5(b) shows the current distribution along the all-Au, all-Ni, and Au antenna with Ni center section at resonance. The center of the antenna is located at the 0 μm position. The antenna currents are calculated from the x-component of the current density values computed by COMSOL. At a given position along the antenna, the x-component of the current densities from each corresponding domain are averaged, and they are multiplied by the crosssectional area of the antenna, resulting in the magnitude of the antenna current at that position. Fig. 5(a) shows that the AuNi antenna produces the largest increase in temperature despite the fact that the current is much less than that of the all-Au antenna, as shown in Fig. 5(b) . This is explained by the increased resistivity of the Ni center segment, 3.3 times that of Au, which results in greater joule heating for Fig. 6 . Temperature increase as a function of antenna length for various SiO 2 thicknesses. As the thickness of SiO 2 increases, the thermal insulation of the antenna from the Si substrate is larger, and thus its temperature increases. The resonant length also increases because the dielectric constant of the SiO 2 is smaller than that of Si.
the same current. The center resistance term R is increased by the factor of 3.3 while the I 2 term in the power is decreased by a factor of only about 2, so the heating of the Ni center section is greater than that of the all-Au antenna.
Note that the skin depth of Au and Ni at 600 GHz is about 100 nm, which is smaller than the thickness of the antenna (200 nm). The skin effect is taken into account in the simulations by resolving the interior of the antenna with five computational layers, as discussed above.
B. SiO 2 Substrate
Next, we discuss the heat removal effect of the substrate. The substrate of the antenna, as in our previous work [18] , is a high-resistivity (>20 000-Ω-cm) Si wafer. The thermal conductivity of Si is 139 W/mK, so it effectively removes the heat produced by the antenna, thus reducing the thermal response of the ACNTCs. The greatest heating would theoretically occur for an antenna suspended in space. Practically speaking, in order to reduce the amount of heat lost to the substrate, the antenna can be thermally insulated from the Si substrate by a thin layer of SiO 2 , which has a thermal conductivity of only 1.1 W/mK. The simulated thickness of the SiO 2 was varied between 1 μm and 6 μm, and the temperature increase as a function of antenna length was calculated, as shown in Fig. 6 . The temperature increases with increasing SiO 2 thickness, and saturates when it reaches about 6 μm. The temperature increase is about 60 times larger for Au antennas on a 6-μm-thick SiO 2 substrate than on a bare Si substrate. Fig. 6 also shows that the resonant antenna length increases with increasing SiO 2 thickness. The resonant length l of a dipole antenna at an interface of two media is given by [31] 
where λ 0 is the free space wavelength, and ε eff is the effective dielectric constant that is, within the effective media approximation, the average of the dielectric constants of the surrounding two media [32] . The dielectric constants are 1 for air, 4 for SiO 2 , and 11 for Si. Therefore, ε eff is smaller for an air/SiO 2 interface than for an air/Si interface, resulting in a larger l.
IV. SUMMARY AND CONCLUSION
In this paper, we studied the thermal response of dipole antennas operating at 600 GHz to improve the response of antenna-coupled nanothermocouples. The temperature increase of a dipole antenna was studied using COMSOL Multiphysics Modeling Software.
We studied various metals for antenna materials, and our results show that larger antenna currents do not necessarily produce larger temperature increases. Among the studied materials, all-Au antennas produced about 1.42 times larger currents than Au antennas with Ni center section, but the resistivity of Au, being 3.3 times less than Ni, causes 30% less power to be produced by the all-Au antennas compared to the Au antennas with Ni center segment.
We have also shown that thermal insulation of the antenna with SiO 2 from the Si substrate increases the temperature at its center by ∼60-fold. We also noted that by inserting a new material between the antenna and the original substrate, the effective wavelength shifts due to the different dielectric constant of the new material.
We also addressed simulation artifacts caused by the large geometry differences between the antenna and the surrounding media. We presented a geometry-independent meshing by constructing the antenna from small domain elements. The geometry (length) of the antenna was varied by changing the material properties of the domains rather than by changing the mesh geometry, which eliminated the simulation artifacts.
